Introduction
Anions and anionic substrates play an important role in a wide range of chemical and biological processes. Most anions have no absorption over the near UV-visible region range (250 -800 nm), and thus it is difficult for them to undergo redox-reactions at an electrode. The presence of anions is generally measured by liquid chromatography (HPLC, ion chromatography) or by a potentiometric measurement using an ion selective electrode (ISE). An anion sensing probe molecule, which is the combination of an anion binding site, signaling subunit and spacer, has recently been developed to detect anions using photometry 1 or electrochemical techniques. 2 Alkyl-chain ferrocene cationic surfactants (ACFcCS) are useful as electrochemical anion sensing molecules. ACFcCS form ion-pair complexes with anions and anion substrates, which can then adsorb on hydrophobic surfaces such as glassy carbon and carbon paste electrodes (CPE). The peak current intensity of ferrocene in the ACFcCS-anion complex is proportional to the quantity of adsorbed material, and the anion quantity can be indirectly obtained by measuring this peak current. Facci studied the adsorption voltammetry of ACFcCS on an iodine-coated Pt electrode. 3 Buttry et al. investigated the adsorption behavior of ACFcCSs on Au and Pt electrodes using cyclic voltammetry and quartz crystal microbalance (QCM) techniques. [4] [5] [6] Rusling et al. studied the adsorption-desorption kinetics and equilibria of ACFcCS on a glassy carbon electrode using flow voltammetry. 7 Our research group has previously reported the indirect voltammetric determination of anionic surfactants 8 and anionic polyelectrolytes. 9 Ferrocenyl undecyl trimethyl ammonium ion (FcUTMA, Fig. 1a ) was adsorbed at the CPE prepared from bis(2-ethylhexyl)phthalate (DOP) as the pasting liquid. Voltammograms of FcUTMA at the CPE with 2-nitorophenyloctylether as the pasting liquid were obtained regardless of the counter-anion; however, voltammograms of FcUTMA at DOP-CPE were affected by the counter-anion hydrophilicity or hydrophobicity.
Interestingly, a voltammogram analysis revealed that FcUTMA adsorption occurred over a limited area, regardless of the hydrophilicity of the counter-anion. The limited adsorption area indicated the presence of a distinct surface at the CPE, and was inconsistent with its known heterogeneous nature. The limited adsorption area on the CPE was similar to that calculated from Alkyl-chain ferrocene cationic surfactants (ACFcCS) can form ion-pair complexes with anions, and are then adsorbed at hydrophobic electrode surfaces or extracted to organic layers. The amount of adsorbed ACFcCS-anion complex is dependent on the anion concentration in a solution, and the anion concentration can be determined from the current intensity of the oxidation wave of the ferrocene part of ACFcCS. In this work, we studied the adsorption behavior of (ferrocenylmethyl)dodecyldimethyl ammonium ion (FcMDDMA) on a carbon-paste electrode, which accompanies the ion-pair formation with an inorganic anion, an organic anion, or heparin molecule. A concentration analysis of a heparin sodium injection sample was carried out using adsorption voltammetry, and the amperometric titration used FcMDDMA as the end-point indicator. surface-tension measurements, 11 and was broader than that of the compact adsorption typically observed with alkyl-chain cationic surfactants. Gallardo et al. concluded that the adsorbed alkyl chain of FcUTMA was bent at the air-water interface. 12, 13 This abnormal adsorbed state was attributed to the chemical structure of FcUTMA, which has an ammonium ion and ferrocene group positioned at either end of the molecule. The anion sensing ability of ACFcCSs was reported by Reynes et al., [14] [15] [16] who investigated inorganic anions and ATP in predominantly organic media.
(Ferrocenylmethyl)dodecyldimethyl ammonium ion (FcMDDMA) has an ammonium group positioned near the ferrocene moiety (Fig. 1b) , and was used in the current study to detect electrochemically inactive anion species in water. Adsorption voltammograms of FcMDDMA at the CPE were measured in heparin and other inorganic and organic anions, and FcMDDMA adsorption differed from that of FcUTMA. The effect of anion on FcMDDMA adsorption was consistent with the Hofmeister series (with the exception of ClO4 -). Accumulation effects of the hydrophobic ion-pair complex with FcMDDMA were also investigated. The application of FcMDDMA to amperometric sensing and end-point indicator of titration was discussed.
Experimental

Apparatus and reagents
Voltammetric measurements were performed using a voltammetric analyzer (CV-50W, Bioanalytical Systems, Inc., USA (BAS)), and a water-jacked cell vial. A carbon paste electrode (Model No. 11-2210, f3 mm, BSA) with TGP-2 carbon powder and bis(2-ethylhexyl)phtalate was used. 10, 17 All measurements were performed using freshly prepared electrode surfaces. A platinum wire and a saturated calomel electrode (H type SCE, BAS) or KCl Ag/AgCl electrode (RE-5B, BAS) were used as counter and reference electrodes, respectively. Surface-tension measurements were carried out at 30 C using an auto surface tension meter (CBVP-A3, Kyowa Kaimen Kagaku Co., Ltd., Tokyo) based on the Wilhelmy method.
FcMDDMA bromide was purchased from Tokyo Kasei Kogyo Co., Tokyo. Sodium dodecyl sulfate (SDS) was purchased from Nacalai Tesque Co., Kyoto. FcUTMA bromide was purchased from Dojin Chemical Lab., Kumamoto. Heparin (100000 unit) was obtained as a sodium salt from Calbiochem, USA. Heparin sodium injection (1000 unit/ml) was from Ajinomoto Co. Ltd., Japan. All other chemicals were of analytical grade.
Voltammetry
A supporting electrolyte solution of sodium salts, water and a FcMDDMA solution were all added to a stirred water-jacked cell vial. The total volume of the electrolyte solution was 15 ml, with the amount of each solution adjusted accordingly. After the temperature of the sample solution reached 30 ± 0.1 C, the CPE was immersed in the stirred solution and allowed to equilibrate for 5 min in the absence of an applied potential. Following a rest period of 15 s, the redox responses were recorded using cyclic voltammetry, starting at 0 V and using a scan rate of 100 mV s -1 . For voltammetric measurements in the presence of an anionic surfactant, the appropriate solution was added before the addition of FcMDDMA.
Effective CPE area
The geometric area of the CPE used can be directly calculated from the diameter. The flatness of the CPE surface was not confirmed. According to Randles-Sevcik, the effective area can be calculated from the peak current of a reversible redox material. Thus, the effective area of the electrode was calculated from cyclic voltammetry using 5 mM potassium ferrocyanide in 2 M H2SO4 at 25 ± 0.1 C. The diffusion coefficient required for the calculation was estimated from the viscosity and diffusion coefficient at infinite dilution (D0 = 7.35 × 10 -6 cm 2 s -1 ). 18 The viscosity of the solution was measured at 25 ± 0.1 C using a viscometer. Using the formula D = 0.890D0 η -1 , the diffusion coefficient was determined to be 5.69 × 10 -6 cm 2 s -1 . The average effective area obtained from six voltammetric measurements was 7.01 ± 0.47 mm 2 , which was consistent with the area calculated for a CPE with an ideal flat surface and a diameter of 7.07 mm 2 and 3 mm, respectively.
Colloid titration
The titrand solution (15 ml of 0.1 M NaCl solution) contained 1.5 ml of 0.1 M phosphate buffer (pH 7.0) and 0.165 ml of 10 -3 M FcMDDMA solution. Protamine (100 -400 μg) was also added to the stirred water-jacked cell vial. After the temperature of the sample solution reached 30 ± 0.1 C, heparin solution was added and a current of 610 mV was recorded, at which the maximum current of the cyclic voltammogram was observed. The titration was carried out 5 times and the end-point was determined.
Results and Discussion
Adsorption voltammograms of FcMDDMA in inorganic salt solution
The anion effect on the air-water surface adsorption of the alkyl cationic surfactant was consistent with the Hofmeister series. 19 The order of anions in a Hofmeister series is ClO4
The amount of FcUTMA adsorbed also increased in accordance with the Hofmeister series. Fig. 2 were not consistent with the reduction potentials, as each reduction current was less than the corresponding oxidation current. According to Honeychurch et al., this behavior is consistent with an ideal, strongly adsorbed redox species. 20 A repetitive cyclic scan reduced the peak current in the voltammograms. Voltammetric measurements were found to be independent of the adsorption equilibrium time after the first 3 min. Figure 3 shows the dependence of the peak current on scan rate. The relationship was not linear, as it differed from a typical adsorption wave. It is likely that the measured peak current included a contribution from the FcMDDMA diffusion current. According to an electrochemical QCM study, the oxidation of ACFcCSs was invariably accompanied by anion incorporation. 5 The incorporation of counter anions may also have caused deviations from the typical adsorption wave. Figure 4 shows cyclic voltammograms in 0.1 M NaBr solution, and the peak currents were greater than those observed in the 0.1 M NaCl solution. The amount of FcMDDMA adsorbed was also greater in NaBr than in the NaCl solution. Similar results were obtained in a 0.1 M NaNO3 solution. The large peak current was consistent with the Hofmeister series, and was dependent on the anion surface activity as follows. According to a quasi-two-dimensional electrolyte model of ionic surfactant adsorption, 19 counter anions can penetrate into the electric double layer (Stern layer) that forms with a cationic surfactant. As a result, a strongly polarized anion, like Br -, exhibits greater surface activity than a weakly polarized anion, like Cl -. The voltammograms shown in Figs. 2c and 4c each have two oxidation peaks. The peak at just under 0.6 V clearly appeared at FcMDDMA concentrations of 1 × 10 -4 M with NaCl and 5 × 10 -5 M for NaBr. While only one peak appeared at a low concentration (Figs. 2a, 2b, 4a, and 4b) , the peaks shifted to lower potentials as the concentration of FcMDDMA increased. The peak shift indicated a gradual change in the adsorption state of FcMDDMA. The appearance of another peak indicated a clear change in the adsorption state such as aggregation on the CPE, namely poly-layer adsorption (admicelle). Figure 5 shows cyclic voltammograms recorded in a 0.1 M NaClO4 solution. The FcMDDMA oxidation peak was fairly small and broad, while the FcUTMA oxidation peak was large and narrow. The small FcMDDMA peak indicated the presence of only a small amount of adsorbed FcMDDMA. Therefore, the stability of adsorbed FcMDDMA when ion-pairing with ClO4 -is probably less than that of adsorbed FcUTMA. In general, the presence of ClO4 -promotes the solvent extraction of cationic surfactants, 21 and the solvent extraction and the air-water surface adsorption 19 obeys the Hofmeister series. However, FcMDDMA adsorption on the surface of the electrode has a unique ability of selectiveness. , and e) 1 × 10 -6 M.
Specific adsorption of ACFcCSs in the presence of hydrophobic anions
An alkyl-chain cationic surfactant can form an ion-pair complex with an alkyl-chain anionic surfactant. When both surfactants are present in trace amounts, the complex can easily be extracted using organic solvents. FcMDDMA also forms an ion-pair complex with SDS. Figure 6 shows voltammograms for 1 × 10 -5 M FcMDDMA in the presence of trace amounts of SDS. The oxidation peak at 0.6 V became larger with increasing SDS concentration, and a second peak near 0.75 V appeared. A second peak was also observed in FcUTMA voltammograms. 10 Since the second FcUTMA peak did not appear when a glassy carbon electrode was used, the second peak required a pasting liquid. Therefore, it was concluded that the second peak resulted from the partial solvation of FcUTMA by the pasting liquid. FcMDDMA was also partially solvated, and showed a second peak.
Adsorption and voltammogram behavior of FcMDDMA with heparin
Heparin is a highly negatively charged polysaccharide with an average molecular weight of 15000 kdal. It is widely used as an anticoagulant drug during clinical procedures, and the quantity of heparin prescribed to a patient must be exact. To measure heparin concentration, liquid chromatography (LC) or activated partial thromboplastin time (APTT) measurement are generally used.
Recently, a heparin-selective electrode in which tridodecylammonium chloride was used as the ionophore was reported. [22] [23] [24] Protamine titration, 24, 25 electrochemical determination 26, 27 and optical method [28] [29] [30] were also reported for the heparin determination method. FcMDDMA can also bind the sulfate group in heparin and form an ion-pair complex, which can then be adsorbed on the CPE. Figure 7 shows the adsorption voltammogram of 1 × 10 -5 M FcMDDMA in the presence of various amounts of heparin. The oxidant peak at 0.61 V and the shoulder peak at 0.52 V were observed. The appearance of a lower oxidant peak showed that the heparin-FcMDDMA complex aggregated on the CPE surface, similar to the case of the inorganic anion-FcMDDMA complex. Figure 8 shows the current intensity with the addition of various amounts of the heparin. The peak current increased until 4 unit/ml had been added, and became saturated at higher concentrations. The current intensity of the heparin sodium injection at saturated concentration (>4 unit/ml) was lower than that of the heparin standard. This indicated that the amount of adsorption of the heparin-FcMDDMA complex at the CPE when using the heparin injection sample was lower than when using the heparin standard. Ma et al. indicated that the sensors response differed with the sulfate/sulfonate content of heparin, and this changed when heparin was isolated from different sources. 24 Since FcMDDMA binds heparin with the sulfate/sulfonate group, this difference in the current intensity was attributed to differences in the relative amounts of sulfate/sulfonate groups.
Amperometric titration of heparin
Heparin forms an ion-pair complex with FcMDDMA at low concentrations, and the oxidant peak current at 0.61 V increases as the FcMDDMA-heparin complex increased. FcMDDMA was used as an end-point indicator of the amperometric titration. Protamine was added to the heparin solution in order to measure the heparin concentration using titration techniques. Protamine is a highly positively charged low molecular weight protein that forms a polyion complex with heparin. Heparin was added to a The reactivity and stability of the heparin-protamine complex was higher than that of the heparin-FcMDDMA complex, and the heparin polyion complex formed immediately (Scheme 1B). The heparin-protamine complex was electrochemically inactive and did not affect the measurement. Excess heparin formed an ion-pair complex FcMDDMA and then adsorbed the CPE electrode (Scheme 1C). The method is one of colloidal titration [31] [32] [33] [34] on which the selective ion association between polyanion (heparin) and polycation (protamine) occurs. Since the stability of the polycation-polyanion complex was larger than that between FcMDDMA and heparin, the interference with co-existence of many inorganic salts can be ignored. However, the co-existence of surface active organic ions affects its titration. Figure 9 shows the amperometric titration curves of heparin standard in the presence of varying amounts of protamine. The increase in current resulted from the formation of the heparin-FcMDDMA complex, and it was easy to confirm the titration end-point. Figure 10 shows the calibration curves for the heparin concentration determination, and they show a linear trend. The slope and the intercept of the heparin injection sample are lower than that of the heparin standard, and these are probably due to the difference in the heparin source mentioned above.
Conclusions
FcMDDMA was used as an ion-pair reagent to detect for electrochemically inactive anions. FcMDDMA voltammograms were measured in various anion solutions, and anion effects on the adsorption of FcMDDMA were consistent with the Hofmeister series, with the exception of ClO4 -. Trace amounts of SDS formed a complex with FcMDDMA, which was solvated partially to the pasting liquid of the CPE. Cyclic voltammetry and amperometric colloidal titration of analytical-grade heparin and medical heparin samples were studied. Despite small differences, acquired calibration curves showed good linearity and the method presented in this study is useful for measuring the heparin concentration. Amperometric colloidal titration can determine several ten units of heparin. The present determination is superior in applicable concentration toward the electrochemical determinations 26, 27 and the titrations. 22, 23 
